A model reference active structural acoustic control (ASAC) approach is investigated as a method for replacing microphone error sensors located in the acoustic field with accelerometers located on the structure. The suggested controller is the multi-input/multioutput adaptive LMS algorithm. As opposed to driving the response of the sensor located on the structure to zero with the control inputs, the response is driven to some pre-determined "reference" value corresponding to an a priori training cost function, which is originally chosen to minimize either the far-field pressure at a number of acoustic field points, or the supersonic region of the wave-number transform. In effect, the uncontrolled structure is adaptively modified to behave like the reference structure. Results indicate that the identical optimal control solution can be obtained when implementing the structural sensors, and the required number of sensors must simply equal the number of control actuators. In addition, for the example studied here, significant reduction in far-field sound radiation can be achieved even when errors of q-5% are present in the reference model. A considerable level of attenuation in sound can also be achieved for a band of frequencies within q-5% of the reference frequency used to obtain the models for creating the disturbance. Thus it appears that the model reference approach is reasonably robust.
INTRODUCTION
One of the primary concerns in active structural acoustic control (ASAC) approaches is choosing the appropriate sensor for a given application. While positioning enough microphones in the acoustic field to provide a global estimate of the total sound radiation always provides the necessary error information for controlling the acoustic response of the structure, microphones are often impractical to implement. Since the relationship between the structural response and acoustic response is in general complex, simply minimizing the response of the structure at chosen coordinates does not guarantee minimization of radiated sound, and often times results in an increase in the acoustic response. To alleviate this problem, recent studies have been devoted to developing specialized shaped sensors from polyvinylidene fluoride (PVDF), which respond to the more efficient radiating modes of the structure.
•.2 Results from these studies in addition to studies where microphones were used as error sensors suggest that the physical mechanism of control can be revealed upon considering a wave-number transform of the structural response. 3
The wave-number transform, also known as the k transform, is obtained by computing the Fourier transform of the spatial response of the structure. The implications of this approach are well documented by Fahy 4 and Maidanik. 5
The wave-number distribution obtained from the transform can be divided into two regions, a supersonic region and a subsonic region. Amplitudes of the wave-number spectrum located in the supersonic region correspond to radiation to the far field while amplitudes in the subsonic region correspond to near-field disturbances. Based on this observation, one approach to minimizing the radiated sound of a structure is to minimize the spectrum in the supersonic region of the k transform. In theory this technique can be readily implemented as demonstrated in earlier studies; 3'6 however, as one might imagine, designing a sensor to measure this part of the response is more difficult.
The thrust of this work is to present a technique whereby measurable quantities can be used as error information to achieve the same result as minimizing the supersonic region of the k transform. This goal is achieved by model reference control •vith the feedforward filtered-x version of the adaptive LMS algorithm. Accelerometers are utilized to provide the necessary error information, and the complex response of the structure at locations of each accelerometer is computed in advance to determine the appropriate reference response. The desired response at each location on the structure corresponds to that resulting from minimization of the amplitudes in the supersonic region of the k transform.
Model reference control can also be applied to complex structures for which analytical solutions of the structural response do not exist. For this case, microphones are used as the initial error sensors, and the resulting structural response after control can be measured at a sufficient number of locations to provide the necessary reference information. The microphones can then be eliminated from the control approach in favor of sensors located on the surface of the structure that yield the same effect. To demonstrate the model reference control approach, an analytical study was performed with a simply supported beam located in an infinite baffle. The beam is driven har-monically with a point force disturbance, and control is achieved with piezoelectric actuators bonded to the surface of the structure. Theory relevant in modeling the structural and acoustical response of the beam will be presented as well as the method of obtaining the k transform. In addition, an overview of the model reference control approach as it pertains to the filtered-x version of the adaptive LMS algorithm will be presented.
I. THEORY
To develop the analytical model required in this study, the response of a simply supported beam to a sinusoidal point force disturbance must be obtained as well as the response to a piezoelectric actuator bonded to the surface of the beam. Since the cost function is formulated in terms of the structural response, acoustic response or the wave-number spectrum in the k transform, theory for developing models of each chosen cost function will be presented. In addition to developing equations for the actuators and sensors, a mathematical model of the controller must be developed. For the purpose of this study, linear quadratic optimal control was used to compute the optimal control solution; however, the filtered-x version of the adaptive LMS algorithm is discussed to outline practical implementation of the model reference controller. While lengthy derivations of the equations are omitted from the text, the necessary equations to construct the computer model are included.
A. Disturbance and actuator equations
As stated earlier, the structure chosen for this particular study is a simply supported beam with the following usual modal response.* w(x,t) = • W m sin(•,mX)exp(jcot ) , 
P----(Ew/E)K. 
B. Sensor equations
In the following analysis, error information will be obtained from either of three approaches; the structural response at a point, the acoustic response in the far field at a point, and the supersonic wave-number spectrum of the k transform. In a physical system, an accelerometer or a microphone can be used to obtain error information on the structure or in the acoustic field; however, the supersonic region of the k transform is not a directly measurable quantity. To implement a k-domain cost function, the structural response of the beam will be used to provide error information, and model reference control will be implemented such that the residual structural response corresponding to the desired wave-number spectrum is obtained. As the LMS algorithm is formulated in the time domain, all error information is measured in the same domain. Plotting the magnitude of this function yields physical insight into the structural acoustic response. An example plot is presented in Fig. 3 . The acoustic wave number is defined as follows:
is the critical number defining the region between acoustic waves that radiate to the far field and waves that simply create near-field disturbances. 4 The radiating region is termed the supersonic region and is the shaded portion in Fig Before proceeding with the details of the control approach, a brief overview of the model reference controller is in order. A conceptual schematic of a feedforward adaptive model reference controller is presented in Fig. 4(a) . The adaptive plant encompasses the structure, control actuators, error sensors, and control dynamics associated with the multi-channel version of the adaptive LMS algorithm, depicted in Fig. 4(b) . The reference plant consists of the models required to create the desired response at the chosen error sensor locations, and these models can be obtained analytically or experimentally depending on the designer's choice. The adaptive plant essentially modifies its behavior [AR (k) ] to achieve the same response as that of the reference plant [R (k) ], by driving the error E(k) to a minimum.
The adaptive LMS algorithm
The method of control chosen for practical implementation is the multi-channel filtered-x version of thee adaptive In the LMS algorithm, the mean-square error signal is defined by J= E e•(n) , If the desired response at each error sensor is zero, the coefficients defined by dl are simply set equal to zero. As the adaptive coefficients begin to converge, the error signal is driven to a minimum, and hence the response is driven to the desired value at each error sensor. Upon converging, the adaptive coefficients w,•i contain the necessary information for computing the optimal control voltage to each actuator. While the previous development has been limited to a single frequency, the multi-frequency control case can be developed by simply including two additional coefficients for each frequency present. In broadband applications, an FIR may be insufficient for modeling the system, and 
where At=time between discrete samples, Im(Vm) = imaginary part of the complex voltage, and Re( Vm ) = real part of the complex voltage.
Linear quadratic optimal control
While the previously outlined control approach was modeled and will be implemented in hardware in the future, linear quadratic optimal control theory was utilized to compute the optimal control voltages for the present study. 
Since the number of unknowns is equivalent to the number of equations, the solution is obtained as follows:
for a nonsingular matrix [A ].
Model reference approach
To include a reference response in the model, the cost function defined in Eq. (23) must be modified. As opposed to minimizing the response at the coordinates of a chosen error sensor, the difference between the response at that error sensor and the desired response is minimized. In other words, the response at the error sensor is driven to the model reference response. The cost function presented in Eq. (23) is thus modified as follows: sponse of the structure is assumed one dimensional, all coordinates for locating sensors and actuators will be specified with reference to the x dimension only. All theoretical studies will be conducted with the point force disturbance located at 240 mm from the end as depicted in Fig. 1 
III. RESULTS
Two analytical test cases were chosen to demonstrate potential applications for model reference control with the feedforward filtered-x LMS algorithm. In the first case, the acoustic pressure evaluated at discrete field points was chosen to construct the cost function, and in the second case, the supersonic region on the kx axis of the wave-number domain was chosen as the cost function. In both cases, the resulting controlled structural response was computed at chosen coordinates on the beam to provide the necessary response desired in the model reference control approach. In the final section, a sensitivity analysis was performed to determine the level of control achieved for phase and magnitude errors in the models used to compute the desired response as well as Fig. 5(a) as 60 ø, 0 ø, and --60 ø, respectively . Upon achieving control, the phase-referenced structural response at three axial locations on the beam of 84.4, 126.7, and 168.9 mm was computed. To implement model reference control, the structural response was chosen as the cost function, and the computed reference structural response was included in the model as outlined earlier. Both the farfield acoustic directivity pattern and spectral amplitudes of the wave-number transform of the structure are presented graphically in Fig. 5 (a) and (b) , respectively. The far-field acoustic directivity pattern is plotted along the x axis of the plate with respect to Fig. 2 (i.e., •b = 0 ø, 180ø) . For convenience, negative values of 0 correspond to •b = 180 ø.
For comparison, the structural response was driven to zero at the above chosen coordinates to emphasize the difference between model reference control and simply minimizing the structural response. As is shown in Fig. 5(a) acoustic response actually increases when the structural response is simply minimized at the chosen coordinates; however, if the response is driven to the computed model reference response corresponding to the original acoustic cost function based on the sound pressure at the three chosen field points, the acoustic response is attenuated by approximately 40 dB. The physical mechanism of control is emphasized in the plot of Fig. 5(b) comparing the wave-number transform. In the model reference control approach, the wave-number spectrum is minimized significantly in the supersonic region (where --7.4 m-• < kx < -P 7.4 m-•).
When the structural response is simply minimized, the opposite occurs, and the amplitudes of the wave-number spectrum in the supersonic region actually increase. In a physical system where permanently locating microphones in the radiated field may not be convenient, a model reference control approach can be implemented, replacing the acoustic transducers with more favorable structural transducers. Fig. 6(b) . In effect, complex wave-number information in each of these ranges becomes the error signal. As in the previous test case, the residual structural response was computed at the same three coordinates upon achieving control with the k-domain cost function. This computed response was implemented in the model reference control as the desired structural response. As indicated in Fig. 6(a) , the global far-field sound radiation from the beam was attenuated by approximately 35 dB. In addition, the amplitudes of the wave-number spectrum were reduced significantly in the supersonic region as observed in Fig. 6(b) .
C. Sensitivity analysis of model reference control
A sensitivity analysis was performed to determine the impact of inaccuracies of the models (i.e., inaccuracy in the model reference structure) used to obtain the desired response on the level of control achieved. This is not intended as a "robustness" analysis as this is beyond the scope of this paper; however, the following analysis gives the designer an idea of the change in response characteristics of the system due to errors in system modeling. In addition, the frequency of excitation was perturbed by a small amount to determine the effect of fluctuations in the reference frequency.
In a practical controller, implemented with the filteredx version of the adaptive LMS algorithm, errors in modeling the FIR filters necessary to create the reference response can occur. To study the effect of this error, the transfer functions used to compute the reference response for the linear quadratic optimal control approach were initially perturbed In effect, the structural sensors (i.e., accelerometers) implemented in the model reference controller can be viewed as a distributed cost function, demanding a required phase relationship at various axial locations on the structure. This relationship can be met only if the desired phasing between relative modes is obtained. Since the original cost function was formulated in the acoustic field, the phasing between modes corresponds to that resulting in minimum sound radiation upon achieving control. This observation is valid for cases such as that presented where the modal density is low
